Abstract: Elsinochrome (ESC), light-activated, nonhost-selective phytotoxin, is produced by many members of the genus Elsinoë and required for full virulence of the fungus. It appears that approaches disrupting the ESC production will likely reduce disease severity caused by Elsinoë pathogens. In this study, the influence of nutritional and environmental factors on ESC biosynthesis by the citrus scab pathogen E. fawcettii was investigated. Light is critical for initiation of ESC biosynthesis. E. fawcettii produced the highest amounts of ESC when grown on potato dextrose agar (PDA) in the light compared to other synthetic media. The fungus synthesized ESC in the presence of high amounts (60 g l -1 ) of sucrose, under limiting nitrogen conditions, or in ambient pH; ammonium completely inhibited production of ESC. ESC production was reduced when Ca , Mn 2+ or Na + ions increased ESC production. Addition of antioxidants, such as ascorbate, chlorogenic acid, catechin, or gallic acid into PDA enhanced ESC production substantially. Our results highlight the complexity of regulation of ESC biosynthesis by E. fawcettii at the biochemical and physiological levels.
INTRODUCTION

Elsinoë fawcettii Bitancourt & Jenkins (anamorph:
Sphaceloma fawcettii Jenkins) attacks a wide variety of citrus species and cultivars, resulting in scab disease on leaves, twigs, and fruit [1] . The disease is widespread in many humid, citrus-cultivating areas of the world and decreases fruit values for the fresh-fruit market. The necrotic lesions caused by E. fawcettii appear as a slight blemish and often form erumpent scab pustules comprised of fungal hyphae and host tissue. Affected leaves may develop lesions with warty or protuberant pustules emerging from one side of the leaf and a correspondingly depressed area on the opposite site.
Many phytopathogenic Elsinoë species produce elsinochrome (ESC) phytotoxin in culture [2] . ESC consists of at least four different tautomers with a common perylenequinone backbone and exhibits distinct red or yellow pigments upon secretion into the medium [2] . ESC structurally resembles many perylenequinone phytotoxins of fungal origins, such as cercosporin, stemphyltoxin, hypomycin, hypocrellin and phleichrome [2] [3] [4] . ESC produced by Elsinoë fungi share many similarities to cercosporin produced by Cercospora fungi, in terms of biosynthetic pathway and regulation, production of reactive oxygen species, mode of toxicity, and pathogenic roles in diseases. As with cercosporin [4] [5] [6] [7] , we *Address correspondence to this author at the Citrus Research and Education Center, IFAS, University of Florida, 700 Experiment Station Road., Lake Alfred, FL 33850. USA; Tel: 1 + (863) 956-1151, Ext. 1369; Fax: 1 + (863) 956-4631; E-mail: krchung@ufl.edu have previously shown that the toxicity of ESC is due primarily to the production of toxic reactive oxygen species, such as singlet oxygen and superoxide [8] . In addition, exposure of citrus leaves to ESC in the light resulted in severe electrolyte leakage, likely caused by membrane peroxidation [8] . Targeted disruption of a fungal polyketide synthase gene in E. fawcettii yielded mutants that failed to produce detectable ESC and with a drastically reduced ability to develop lesion on citrus [9] , indicating that ESC is required for full virulence by E. fawcettii on citrus.
Studies of both cercosporin and ESC clearly indicate that the light-activated perylenequinone toxins produced by a number of phytopathogenic fungi play a crucial role in pathogenesis [10] [11] [12] . Production of cercosporin has been shown to be affected by complex nutrient conditions, C/N ratios, ions, temperature and light and is highly variable among species, strains, even among isolates of a given species [13, 14] . However, little research on ESC regulation responding to environmental conditions has been done. The aim of this study was to investigate environmental and nutritional factors influencing ESC production. The results revealed a complex, interconnected regulatory network leading to ESC accumulation, implicating that developing strategies to interfere with the toxicity of ESC will be useful in reduction of disease incidence caused by E. fawcettii.
MATERIALS AND METHODOLOGY
Fungal Strains, Maintenance, and Culture Conditions
The Elsinoë fawcettii Bitancourt & Jenkins (anamorph: Sphaceloma fawcettii Jenkins) (Ascomycota, Elsinoaceae) iso-late CAL WH-1 used in this study has been previously characterized [9] . The fungus was grown on sterilize filter paper and maintained at -20 °C for long-term storage. The basal media used for fungal growth and toxin production included: potato dextrose agar ( [13] ; and a minimal medium (MM) containing all components of CM, except yeast extract and casein hydrolysate. The pH of media was adjusted by 0.1 M citric acid and 0.2 M dibasic sodium phosphate as described [14] . Glucose or sodium nitrate in MM medium was substituted with equal molar concentration of other appropriate carbon or nitrogen sources.
To prepare fungal inoculum, the 5-day-old mycelium cultured on PDA under continuous fluorescent light (General Electric, 60 W) at an intensity of 3.5 microeinstein ( E) m -2 s -1 was ground with a sterile blender and suspended in sterile water. Hyphal suspension (3 l) was placed on the surface of the test medium (5 ml) in a 60 mm diameter Petri dish and the plates were incubated in the light at 25 °C. The plates were wrapped with aluminum foil for the dark control and incubated under the same conditions. Fungal growth was determined by measuring colony diameter after 3 weeks of incubation prior to ESC extraction.
ESC Quantification
For ESC quantification, four 6-mm diameter agar plugs cut from mycelial cultures were extracted with 5 M KOH in the dark for 16 h, and absorbance of the extracts was measured at 480 nm by a model Genesys 5 spectrophotometer (Spectromic Instruments, Rochester, NY, USA). The ESC concentration was calculated using a molar extinction coefficient of 23300 l mol -1 cm -1 [15] and was reported as nanomoles per agar plug. Data are the means of two or three different experiments each with at least three replicates. The significance of treatments was determined by analysis of variance, and treatment means were separated by the WallerDuncan's multiple range tests (p < 0.05).
Preparation of Chemicals
Compounds, CaCl 2 ·2H 2 O, Ca(NO 3 ) 2 ·4H 2 O, LiCl, MgCl 2 ·6H 2 O, NaCl and KCl, were purchased from Fisher Scientific (Suwanee, GA, USA), while all other chemicals used in this study were purchased from Sigma (St. Louis, MO, USA). Unless otherwise specified, all chemicals were dissolved in water to make a stock solution as appropriate. All aqueous solutions were sterilized by filtration. Bixin (carotenoid carboxylic acid), -tocopherol (vitamin E), and butylated hydroxyanisole (BHA) were dissolved in 95% ethanol to make a stock solution. All the chemicals stock solutions were added to solid media to achieve appropriate concentrations. Equal volumes of sterile water or solvent were added to control treatments.
RESULTS
Fungal Growth and ESC Production in Response to Light, Medium Components and pH
As assessed on PDA, E. fawcettii produced high amounts of ESC under constant light (Fig. 1A) . The amounts of ESC accumulated sharply decreased when E. fawcettii was grown under a 12-h light /12-h dark cycle. ESC production was nearly abolished when the fungus was grown in continuous darkness. E. fawcettii grew slightly faster in light compared to other treatments. In constant light, production of ESC by the E. fawcettii isolate was highest when the fungus was grown on PDA and significantly reduced when grown on CM or MM (Fig. 1B) . Fungal growth was also affected by the type of medium. Minimum medium (MM) contains the same ingredients as in the CM, except yeast extract and casein hydrolysate. Both media supported fungal radial growth equally. The fungus produced less ESC on CM than on MM, indicating that yeast extract or casein hydrolysate, or both inhibit or do not support maximal ESC production.
In addition, the effects on pH for fungal growth and ESC production were tested. A trend indicating a close correlation between ESC production and pH was observed, in which accumulation of ESC increased as the pH of medium was elevated (Fig. 1C) . Thus, E. fawcettii produced ESC most abundantly under alkaline conditions. In contrast, fungal radial growth was slightly favorable at acidic pH.
ESC Production in Response to Nutrients
To determine if ESC production is affected by nitrogen sources, calcium nitrate in MM was replaced with ammonium chloride or ammonium nitrate in varying concentrations as the sole nitrogen source and ESC production was measured. Both ammonium chloride and ammonium nitrate suppressed ESC production but only slightly affected fungal radial growth ( Fig. 2A) . At higher concentrations > 2 g l -1 of ammonium chloride and ammonium nitrate, production of ESC was inhibited completely. On MM, production of ESC by E. fawcettii was enhanced when glucose was the sole carbon source, in a concentration-dependent manner (Fig. 2B) . Substitution of glucose with sucrose significantly enhanced ESC production, whereas replacement of glucose with mannitol (at 60 g l -1 ) resulted in a slight inhibitory effect on ESC production.
Effects of Ions on ESC Production
Addition of CaCl 2 , Ca(NO 3 ) 2 ·4H 2 O, CoCl 2 or LiCl to PDA or MM decreased ESC production to various degrees ( Fig. 3 and data not shown) . Metal ions Co 2+ at 1 mM and Li 2+ at 10-100 mM slightly suppressed fungal radial growth. Addition of CuCl 2 , FeCl 3 , KCl, MgCl 2 , MnCl 2 , NaCl or ZnCl 2 , however, elevated ESC production to various levels, depending on the concentration of the compound tested (Table 1 and data not shown).
Production of ESC is Affected by Antioxidants
Since ESC generates reactive oxygen species in aerobic conditions upon exposure to light [4] , experiments were performed to test if antioxidants, such as ascorbate, cysteine, 1,4-diazabicyclo-2,2,2-octante (DABCO), bixin and reduced glutathione, will influence ESC production and fungal growth. On MM, addition of DABCO, bixin (at 5 mM), butylated hydroxyanisole (BHA at 1 mM) or ascorbate (at 10 mM) slightly elevated ESC production (Fig. 4A) . BHA at 5 mM inhibited ESC production. In contrast, addition of ascorbate at 50 mM to MM promoted ESC production substantially (Fig. 4A ), yet only slightly enhanced fungal growth (data not shown). Co-application of ascorbate (at 10 mM) and CuCl 2 or FeCl 3 had no stimulatory effects for both ESC production and fungal growth (Fig. 4A and data not shown) . Addition of H 2 O 2 at 0.025% did not affect fungal radial growth but resulted in minor reduction of ESC accumulation; application of vanillic acid or caffeic acid (at 5 mM) had no effect on ESC production (Fig. 4A and data not shown) . Furthermore, addition of chlorogenic acid, catechin or gallic acid did not affect fungal radial growth but substantially increased ESC production (Fig. 4B) . Application of pyridoxine (vitamin B6 at 10 mM), cysteine (at 50 mM), -tocopherol (vitamin E at 20 mM), or reduced glutathione (at 10 mM) did not affect fungal growth and only slightly decreased ESC accumulation (Fig. 4B) . 
DISCUSSION
Production and accumulation of secondary metabolites by microbes are often influenced by a number of environmental and nutritional factors. Physical parameters that affect production of secondary metabolites include light, temperature, and pH. Nutritional factors such as carbon source and nitrogen source also affect production of secondary metabolites. Although significant progress has been made in identifying the environmental factors for production of fungal secondary metabolites, little is known about regulation of elsinochrome formation in E. fawcettii.
Many phytopathogenic Elsinoë spp. produce lightactivated, nonhost-selective phytotoxin called elsinochrome (ESC) whose structures resemble perylenequinone pigments, such as altertoxin I produced by Alternaria alternata, cercosporin produced by numerous Cercospora spp., hypocrellin A produced by Hypocrella bambusae, and phleichrome produced by Cladosporium spp. [3, 4] . Elsinochrome has been previously shown to be essential for fungal pathogenesis [9] . The production of ESC under laboratory conditions is growth-phase dependent and highly regulated by a variety of environmental and physiological factors, as demonstrated in this study. Like the synthesis of cercosporin [3, 13, 16] , light has been demonstrated to be required for ESC biosynthesis and toxicity [8, 9] . Elsinochrome was primarily produced when the fungus was incubated in light and its production was markedly suppressed in continuous darkness or in a light/dark cycle. We previously observed that light specifically triggers expression of the genes whose products are directly involved in the biosynthesis and regulation of ESC [9, 17] . In addition to light, accumulation of ESC appears to be influenced by ambient pH, nutrient medium, and carbon and nitrogen sources. We observed that E. fawcettii produces large quantities of ESC when grown at alkaline conditions. The ambient pH has been reported to serve as a regulatory cue for production of many fungal secondary metabolites, such as aflatoxin, sterigmatocystin, fumonsin, and penicillin [18] [19] [20] [21] [22] . In contrast, pH has little effect on the production of cercosporin toxin by Cercospora nicotianae [16] . Similar to cercosporin production, reduction of ESC production was not due mainly to the reduction of fungal growth since growth was not altered or was even promoted by many of the compounds.
Carbon sources generally have diverse effects on fungal development and production of secondary metabolites. Production of aflatoxin by Aspergillus spp. was greatly enhanced when fungi were cultured in a glucose-containing medium, but not in a mannitol-containing medium [21] . However, we found that E. fawcettii can also utilize glucose or mannitol for ESC production. Given that ESC is synthesized by a polyketide pathway, likely by condensation of acetyl-CoA and malonyl-CoA [9] , one would expect that high concentration of carbon sources enhance the acetylCoA pool via glycolytic pathway and thus, boost ESC biosynthesis. Similarly, nitrogen sources have diverse effects in regulation of secondary metabolites in fungi. For example, sterigmatocystin and aflatoxin were produced in ammoniumbased media [21, 22] , whereas production of alternariol (AOH) and alternariol monomethyl ether (AME) by Alternaria alternata were inhibited by sodium nitrate, glutamate or urea [23] . Furthermore, accumulation of cercosporin toxin, a perylenequinone produced by Cercospora fungi, was also suppressed by ammonium [16] . In Aspergillus spp., production of fungal secondary metabolites was controlled by complex regulatory networks involved in the G-protein/c-AMP/protein kinase signaling cascades [21] in response to environmental cues. The present study points to the possibility that E. fawcettii might utilize similar signaling regulation for elsinochrome biosynthesis.
In prior studies, we demonstrated that two genes are required for elsinochrome biosynthesis: the EfPKS1 gene encoding a fungal polyketide synthase and the TSF1 gene encoding a Cys 6 Zn 2 transcriptional regulator and their expression is regulated by light, carbon/nitrogen sources, and pH [9, 17] . In addition, several DNA binding elements that are recognized and bound by global transcription factors for specific gene expression, such as C/EBP (cAMP-inducible genes) [24] , AreA (nitrogen or light regulatory genes) [25] , WC1/WC2 (light regulatory genes) [26] and PacC (pH responsive genes) [27] , were found in the promoter regions of the EfPKS1 and TSF1 genes [9, 17] , suggesting that environmental signals affected ESC production, likely via transcriptional activation of the ESC biosynthetic genes.
This study also shows that some antioxidants interfere with the biosynthesis of ESC. Ascorbate, which has been reported to reduce O 2 to H 2 O 2 or to scavenge H 2 O 2 from hydroxyl radicals in planta [28] , enhances ESC production. Chlorogenic acid, catechin and gallic acid markedly stimulate ESC biosynthesis, whereas other potent antioxidants suppress or have no effect on ESC accumulation. Thus, it seems unlikely that the effects of those compounds on ESC biosynthesis are due to their antioxidant properties. In Fusarium verticillioides and F. proliferatum, butylated hydroxyanisol (BHA) and prophy paraben (PP) have been shown to inhibit fungal growth and toxin production [29, 30] ; ascorbate enhances aflatoxin biosynthesis by Aspergillus parasiticus [31] , yet caffeine, flavonoids, gallic acid and phenolics repress its biosynthesis [32] . Further, phenolic antioxidants have also been shown to inhibit ochratoxin A production by Aspergillus spp. [33, 34] . The effects of antioxidants on ESC accumulation remain unknown at this point. Some compounds may markedly alter environmental and physiological conditions regulated for ESC biosynthesis; others may modulate signaling transduction networks leading to ESC biosynthesis. In addition, some compounds may have direct effect on the biosynthetic gene expression or enzyme activity of dedicated steps in the ESC biosynthetic pathway. are also known to affect cercosporin and other toxin production in fungi [16, [35] [36] [37] [38] . For example, Zn 2+ , Fe 2+ and Cu 2+ affect production of aflatoxins by Aspergillus flavus and zearalenone by Fusarium graminearum [35, 36] . Metal ions may influence accumulation of fungal toxins by controlling expression of the genes whose products are required for toxin biosynthesis.
CONCLUSIONS
Biosynthesis of secondary metabolites in fungi is often regulated by nitrogen, in which a high concentration of inor- The isolate of Elsinoë fawcettii was grown on potato dextrose agar (pH 5.6) supplemented with or without metal ions indicated, and incubated for 15 days in the light. Elsinochrome (ESC) was extracted twice with 5 M KOH and quantified by absorbance at A480. The data are shown as the mean of at least three different experiments, three replicates of each treatment ± the standard error of the mean (SEM).
ganic nitrogen reduces the production of toxins and antibiotics. Elsinoë fawcettii produced large amounts of ESC when nitrogen was omitted from MM; however, the onset of ESC production was delayed and its accumulation was markedly reduced when MM or PDA was amended with excessive nitrogen. We also observed that expression of the ESC biosynthetic genes in E. fawcettii is nearly abolished in the presence of nitrogen source [9, 17] . Taken together, we conclude that ESC production is negatively regulated by nitrogen and is apparently controlled by subtle and complex regulatory mechanisms. 
